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Vacancies in SiC: Influence of Jahn-Teller distortions, spin effects, and crystal structure

A. Zywietz, J. Furthmu¨ller, and F. Bechstedt
Institut für Festkörpertheorie und Theoretische Optik, Friedrich-Schiller-Universita¨t, D-07743 Jena, Germany

~Received 21 December 1998!

We present results offirst-principlescalculations for the neutral and charged Si and C monovacancies in
cubic ~3C! and hexagonal~4H! SiC. The calculations are based on the density functional theory in the
local-density approximation as well as local spin density approximation. Explicitly a plane-wave-supercell
approach is combined with ultrasoft Vanderbilt pseudopotentials to allow converged calculations. We study the
atomic structure, the energetics, and the charge- and spin-dependent vacancy states. The generation of the
C-site vacancy is generally accompanied by a remarkable Jahn-Teller distortion. For the Si-site vacancy only
an outward breathing relaxation occurs due to the strong localization of the C dangling bonds at the neighbor-
ing C atoms. Consequently, high-spin configurations are predicted for Si vacancies, whereas the low-spin states
of C vacancies exhibit a negative-U behavior. In the case of hexagonal polytypes, the crystal-field splitting of
the upper vacancy levels does not principally modify the properties of the vacancies. The inequivalent lattice
sites, however, give rise to site-related shifts of the electronic states.@S0163-1829~99!07323-3#
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I. INTRODUCTION

To a great extent the electrical and optical properties
semiconductors are governed by native defects, which
exhibit interesting physics of their own. The monovacanc
in silicon carbide~SiC! are prototypical systems in this re
spect. In SiC the situation is markedly different from th
encountered in common semiconductors like silicon. B
cause of the stronger chemical bonding in this hard co
pound, the mobility of such point defects is reduced. Th
are thermally stable at room temperature, and far above1

Vacancies can easily be created at the atomic sites
electron, proton, or neutron bombardment.2 They usually in-
troduce energy levels in the fundamental energy gap a
hence, can exist in different charge states. Consequently
vacancies influence the doping efficiency.3 For instance,
more than 40% of the Al acceptors inp-type SiC epilayers
are compensated.4,5

The two types of vacancies, the silicon-site one within
charge stateq (VSi

q ) and the carbon-site one (VC
q ), behave in

a different manner. Due to the lack ofp electrons in the
carbon core the dangling bonds aroundVSi

q are strongly lo-
calized at the neighboring C atoms. On the other hand, c
sidering the characteristic distances in SiC the Si-dang
bonds aroundVC

q are rather extended. The distance 3.09 Å
two neighboring Si atoms is only slightly larger than the
bond length of 2.35 Å in pure silicon. Therefore, like in th
case of a vacancy in Si, carbon vacancies in SiC should
candidates for a symmetry-lowering distortion of the s
rounding lattice in order to gain energy via formation
dimerlike bonds between neighboring Si atoms. Indeed, m
surements show that the positively charged carbon vaca
VC

1 is subject to such a Jahn-Teller distortion2 and calcula-
tions indicate the same behavior forVC

0 .6 Moreover, it seems
that the resulting energy gain due to the Jahn-Teller effec
much larger forVC

0 compared toVC
1 so that a negative-U

behavior7 occurs.8,9 In contrast, the single negatively charge
silicon vacancyVSi

2 shows no symmetry lowering. The ele
PRB 590163-1829/99/59~23!/15166~15!/$15.00
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tron paramagnetic resonance~EPR! spectra of this defect are
characterized by an isotropicg factor. This fact may be in-
terpreted in two different manners:1,10,11~i! TheVSi

2 vacancy
is in a low-spin state (S51/2, like in the case of pure sili-
con!, and a dynamical Jahn-Teller effect gives rise to t
isotropy of theg factor. ~ii ! The vacancy ground state is
high-spin (S53/2) orbital singlet state4A2. It would dem-
onstrate the importance of exchange interactions forVSi

2 , in
agreement with the monovacancy in diamond.11 Recent elec-
tron spin resonance~ESR! and electron nuclear double res
nance~ENDOR! studies2,10 favor the latter interpretation.

The understanding of the electronic structure of the
cancies is poor. Deep level transient spectroscopy~DLTS!
~Ref. 12! found that a cubic SiC film is free of deep levels
the upper third of the band gap. However, other autho13

observed two levels at 0.34 and 0.68 eV below t
conduction-band minimum ~CBM!. Photoluminescence
studies14–16 also indicate the existence of vacancy-relat
deep levels in the fundamental gap. A tight-binding calcu
tion in the framework of a one-electron theory17,18shows the
existence of states within the band gap. Existing more
phisticated calculations in the framework of theab initio
density-functional theory~DFT! in the local-density approxi-
mation ~LDA ! do not include either spin effects9 or the lat-
tice relaxation10 or both.3

The physical picture of the formation and properties
vacancies is complicated by the pronounced polytypism
the compound. More than 200 SiC polytypes have be
determined.19 The most extreme polytypes are zinc blend
3C-SiC, with pure cubic stacking of the Si-C bilayers
@111# direction and wurtzite, 2H-SiC, with pure hexagon
stacking in@0001# direction. The other polytypes represe
hexagonal~H! or rhombohedral~R! combinations of these
stacking sequences withn Si-C bilayers in the primitive cell.
Besides 3C-SiC the technological important polytypes
4H- and 6H-SiC with four or six bilayers and, hence, eight
twelve atoms in the corresponding unit cell.20

The different stacking of the Si-C bilayers does not on
remarkably influence the properties of the SiC crystals
15 166 ©1999 The American Physical Society
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also those of the defects. The indirect band gap varies
wide range from 2.4 eV~3C! to 3.3 eV ~2H!.21 Conse-
quently, the position of the vacancy levels should vary fro
polytype to polytype. A second problem arises from then/2
inequivalent Si and C atomic sites in the hexagonal u
cells. Because of the crystal field, their positions paralle
thec axis are not fixed by the lattice constantc.22 Moreover,
the stacking gives rise to two hexagonal bilayers andn
22) cubic bilayers. Consequently, in 4H there are two
equivalent atomic sites with either hexagonal (h) or quasicu-
bic (k) character for each atom sort.

Our aim is to study the electronic and atomic structure
well as the spin state and the energetics for monovacan
In particular, we want to investigate whether the differen
charged vacancies become important defects in SiC for
tain experimental conditions characterized by the Fer
level position~doping! and the stoichiometry~sample prepa-
ration!. The electronic energy levels are derived with resp
to the band edges and the orbital and spin characters o
associated system states are discussed. The influence o
polytype is also investigated. The cubic~zinc blende! 3C
structure with space groupTd

2 and the hexagonal 4H crysta
with space groupC6v

4 are considered as the prototypical S
polytypes. For these purposes we performab initio total-
energy calculations for the vacancies in different cha
states and at different atomic sites. All atoms are fully
laxed and the spin-related exchange-correlation effects
also taken into account.

The paper is organized as follows. The computatio
method and formulas are presented in Sec. II. In Sec. II
detailed analysis of our results is given and the differ
properties of the vacancies and the underlying physics
discussed. Finally, a summary is given in Sec. IV.

II. COMPUTATIONAL METHOD

A. Total energies and Kohn-Sham eigenvalues

Our calculations are based on the density functio
theory ~DFT! ~Ref. 23! in the local density approximation
~LDA ! or local spin-density approximation~LSDA!.24 Only
valence electrons are explicitly considered. Their interact
with the atomic cores is treated by non-normconservingab
initio Vanderbilt pseudopotentials.25 They are implemented
into the Viennaab initio simulation package.26,27 A slightly
modified version of the Rappe-Rabe-Kaxiras-Joannopo
scheme26,28 is used for the construction of the pseudopote
tials. In almost all cases of elements it leads to the sof
possible pseudopotentials. This happens also for silicon
though it is more important for the first-row eleme
carbon.29 The pseudopotential scheme used allows the
pansion of the single-particle wave functions into a pla
wave basis set. It is restricted by a kinetic energy cutoff
13.2 Ry. This restriction corresponds to about 55 pla
waves per atom. The pseudopotentials and the cutoffs w
tested by calculating the lattice constants and bulk modu
the SiC polytypes. The lattice constants were reprodu
within 1.5% of experimental values and the bulk moduli
within 6% of the best experimental values.29 The cubic lat-
tice constant of 3C-SiC amounts toa054.332 Å , whereas
the two hexagonal lattice constants of 4H-SiC area
53.061 Å andc510.013 Å . In order to test the pseud
a
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potentials and the plane-wave expansion further, calculat
were also performed on the main bulk polytypes of silic
carbide. We found not only reasonable values for their to
energy differences but also for the extremely small inter
cell relaxations.22,30

The exchange and correlation energy per electron is
scribed by the quantum Monte Carlo results of Ceperley
Alder31 in the parametrization of Perdew and Zunger.32 In
order to avoid partially errors due to the use of frozen co
nonlinear core corrections to the exchange-correlat
energy33 are included in the generation of the pseudopot
tials. In the spin-polarized case the correlation energy
arbitrary polarization is determined by using the same in
polation between the nonpolarized and fully polarized c
as for the exchange energy~standard interpolation.34! The
resulting single-particle Kohn-Sham equations24 are solved
using a band-by-band residual minimization method27. The
Kohn-Sham eigenvalues are taken to interpret the bulk b
structures and the vacancy levels. They do not account
the excitation aspect and, hence, underestimate the excit
energies of the system.35,36 The energy gaps resulting withi
the DFT-LDA of 1.33 eV~3C-SiC! and 2.23 eV~4H-SiC!,
respectively, are much smaller than the experimental va
of about 2.39 and 3.27 eV at low temperatures.21

B. Supercells and k-space summation

In order to model the vacancies in the framework of t
described pseudopotential-plane-wave method we app
supercell method. In the case of the cubic polytype our c
vergence tests showed that a simple cubic~sc! supercell with
64-atomic sites is almost sufficient to describe the energe
Nevertheless, we have done calculations for a face-cent
cubic ~fcc! 128-atom supercell and for a sc arrangement
216-atom supercells. The vacancies are created by lea
one atomic site empty within one supercell. In these artific
crystals the distance of two neighboring vacancies amou
D52a058.66 Å , D52A2a0512.25 Å , or D53a0
513.00 Å , for the 64-atom, 128-atom, and 216-atom sup
cell, respectively.

In order to model the vacancies in the hexagonal 4H po
type the elementary cell of this crystal is enlarged in t
directions vertical to thec axis. The primitive basis vector
are increased by a factor of 3 or 4, which results in tw
hexagonal supercells with 72 and 128 atoms, respectiv
The creation of one vacancy on a lattice site gives rise t
vacancy-vacancy distance ofD5c510.01 Å parallel to the
c axis andD53a59.18 Å perpendicular to thec axis for
the 72-atom andD54a512.24 Å perpendicular to thec
axis for the 128-atom supercell.

The supercell approach is also used to simulate differ
charge states of the vacancies. In these cases electron
removed~or added! from ~to! the supercell to~from! a non-
interacting reservoir level, where they do not contribute
the exchange-correlation or Hartree potential except thro
the zero-Fourier component of the charge density. In ot
words, a rigid background charge density smeared out o
the entire cell is introduced in order to neutralize the sup
cell.

The periodic arrangement of supercells including a
cancy in sc or fcc Bravais lattices means that the wave ve
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running through the Brillouin zone~BZ! of the correspond-
ing reciprocal lattice gives a set of good quantum numb
for the characterization of the single-particle states. Imp
tant quantities such as the total energy and the electron
sity contain BZ summations and are performed by usin
special-point technique.37 Usually, in the cubic case,
43434 mesh is used for the 64-atom, and a 23232 mesh
for the 128-atom and 216-atom supercell arrangements
the hexagonal case we use a 23232 mesh for both super
cells. The results are, however, checked also for a 33333 k
point set.

The supercell method introduces an artificial interact
between vacancies in adjacent supercells. This effect ca
a dispersion of the defect-related energy levels in the g6

Consequently, one gets defect bands rather than defect
els. Therefore, in the paper we present only results for
large 216-atom~3C! and 128-atom~4H! supercells. How-
ever, even for the largest supercells used the dispersion
mains important for calculations concerning single charg
vacancies (V1 or V2) and operating with more than onek
point in the irreducible part of the BZ~IBZ!. In these cases
due to the spin-degeneracy, the uppermost occupied~defect-
related! energy band is only half filled. Therefore, vacan
states at differentk points are not occupied uniformly, as
would be the case for the isolated vacancy. Instead, the b
is only filled atk points where the lowest eigenvalues occ
This mechanism would favor the single charged vacan
compared to charge states with completely filled def
bands. For that reason, we introduce a constraint in the
culations with more than onek point to ensure the uniform
occupation of the defect bands.

In order to include the spin influence the LSDA calcu
tions are performed starting from the atomic geometries
timized within the LDA. The BZ sampling is, however, re
stricted to theG point. This is suggested by the splitting o
the t2-related defect bands due to the vacancy-vacancy in
action outsideG, even for the cubic case and keeping theTd
symmetry. When this splitting at finitek points overcomes
the spin-induced level splitting, the formation of high-sp
vacancy states will be suppressed artificially. AtG and keep-
ing the localTd symmetry the defect-relatedt2-bands remain
threefold degenerate~with spin sixfold! and, therefore, be
have as thet2 levels of an isolated vacancy. The exchang
correlation effects can lead to a separation of thet2

↑- and
t2
↓-levels and, hence, to a preferred filling of one of the s

orbitals in dependence on the charge state of the vacan

C. Formation energies and charge-dependent defect levels

In the thermal equilibrium the concentrations of the v
canciesVX

q are determined by their formation energies38

They depend on the chemical potentialmX of the atomX
5C,Si, which is removed from the corresponding lattice s
and the charge stateq of the generated vacancy. The chem
cal potentialmX allows us to model every possible stoich
ometry, more strictly the preparation conditions during t
vacancy generation. The five different charge states are
beled byq511,1,0,2, and22, i.e., (22q) defines the
number of electrons occupying thet2-derived defect bands
The lower-lying a1 bands are always occupied with tw
electrons of opposite spin. The reservoir of the electron
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described by their chemical potentialEF1EV , if the Fermi
energyEF is measured relative to the valence-band ma
mum ~VBM ! EV .

We adapt the formalism by Zhang and Northrup.39 At low
temperatures the formation energy of a vacancyVX

q is given
by

V f~VX
q ,mX ,EF!5Etot~VX

q !2NmSiC
bulk1mX1q~EV1EF!,

~1!

whereEtot(VX
q) is the total energy of the defect supercell

question. The vacancy is generated in an ideal bulk sys
with N Si-C pairs. Their chemical potentialmSiC

bulk is defined
by the total energy of the 2N-atom supercell divided by the
number of pairs. In the thermal equilibrium it holds

mSiC
bulk5mSi1mC . ~2!

Under extremely Si-rich or C-rich preparation conditions t
chemical potentials of the individual atoms approach the c
responding bulk values,mX5mX

bulk (X5Si,C). Therefore, it
is convenient to consider deviationsDmX5mX2mX

bulk from
these values. Their allowed range is determined by the h
of formation of the SiC compound

DH f5mSi
bulk1mC

bulk2mSiC
bulk . ~3!

The calculated chemical potentials of the pure bulk crys
of the constituents aremSi

bulk52.38 eV and mC
bulk5

21.80 eV with respect to the value12 mSiC
bulk . The total-

energy difference between diamond and graphite is sm
enough29 to prevent a serious error in the formation ener
of SiC. We evaluated it to beDH f50.58 eV independent o
the polytype.30 This value is slightly smaller than the mea
sured heat of formation,DH f50.72 eV,40 and a calculated
numberDH f50.75 eV.41 The differences indicate the un
certainties in the experimental determination and, resp
tively, computation of this thermochemical quantity. In a
cordance with the preparation conditions the fluctuations
the chemical potentials of the two constituents vary betw
C-rich conditions, i.e.,DmSi52DH f (DmC50), and Si-rich
conditions, i.e.,DmSi50 (DmC52DH f). For convenience
we introduce the differenceDm5DmSi2DmC , which varies
betweenDm52DH f ~C-rich! andDm5DH f ~Si rich!.

According to Eq.~1! the formation energy of a charge
vacancyVX

q depends on the chemical potentialEV1EF of
the electrons. Its absolute value is governed by the posi
of the VBM, EV , in the defect supercell. The definition o
this reservoir level is accompanied by three problems.

~i! In a supercell calculation, due to finite-size effects, t
position of the VBM in the defect supercells of differe
charge states differs from its position in the perfect crys
Therefore it is necessary to estimate the proper lineup of
energy levels in order to get the position of the VBM in th
defect supercell. For such an alignment we use the low
s-like energy level, i.e., the lowest valence band at theG
point, because the correspondings-like eigenstate should be
influenced by the presence of a vacancy in a similiar man
as the averaged potential. The band structures of the de
supercells are shifted by an energy amount which bri
their lowest energy levels atG in coincidence with that of the
perfect crystal. This shift depends on the size of the super
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and on the size of the open volume in the neighborhood
the vancant site. It is strongest for the Si vacancy in
double positively charged state and, due to the Jahn-Te
distortion, smallest for the C vacancy in its neutral cha
state. However, the variation of the shift with the charge s
of the vacancies is only weak~0.01 eV forVC and 0.04 eV
for VSi in a sc supercell with 216 atoms!, whereas the aver
aged total shift amounts to 0.03 eV forVC and 0.1 eV for
VSi . Therefore, we have applied these averaged shifts in
explicit calculations but have neglected the fluctuations
to the charge state. We have also checked the alignm
procedure according to Garcia and Northrup,42 where the
VBM value from the bulk supercell calculation is correct
by the difference between the average electrostatic pote
in a bulklike environment of the defect supercell and t
average potential in the ideal bulk supercell. We found
similiar alignment as described above.

~ii ! The absolute valueEV can be defined in differen
ways. We have calculated the position of the VBM by mea
of the same total-energy method as used for the differe
Etot(VX

q)2NmSiC
bulk in Eq. ~1!. Strictly speaking, the valueEV

(EC) is calculated within the delta self-consistent fie
(DSCF) method43 as the difference of the total energy of th
cle
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ideal supercell and that within the charge stateq51 (q5
2). As expected24,44the resulting values are practically iden
tical with the corresponding Kohn-Sham eigenvalues tak
into account the band dispersion. In the case of the 64-a
cell, where we use four mesh points in the IBZ, we find
mean value. In the case of the 216-atom cell with only
single mesh point in the IBZ we end up with the Kohn-Sha
eigenvalue at this particulark point.

~iii ! In the chemical potentialEV1EF in Eq. ~1! the Fermi
energyEF varies in order to simulate the doping level of th
crystal under consideration. For strictp-type conditions it
holdsEF50. In the case of strictn-type doping the chemica
potential should be identified with the conduction-band mi
mum,EC . In other words, it holdsEF5Eg where the energy
gap is given byEg5EC2EV .

In the case of the negatively charged vacancies, wh
should occur in then-type doping case, extra electrons a
involved. We relate the total energies of the negativ
charged vacancies to the corresponding valueEC . By means
of relation ~3! and the definition of the fluctuations of th
chemical potentials the formation energy in Eq.~1! can be
written as (q511,1,0,2,22):
V f~VX
q ,Dm,EF!5E~VX

q !6
1

2
Dm1q@Q~q!EF1Q~2q!~EF2Eg!#, ~4!

E~VX
q !5Etot~VX

q !1q@Q~q!EV1Q~2q!EC#2S N2
1

2DmSiC
bulk6

1

2
~mSi

bulk2mC
bulk!, ~5!
y
gle
ere-
e

or

te
fter
or

, it
where the upper~lower! sign is valid for the Si~C! vacancies.
The energyE(VX

q) is independent ofDm andEF .
Removing~or adding! an electron from~to! the supercell

to ~from! a reservoir level corresponds to a single-parti
excitation. For that reason, the excitation aspect has to
taken into the calculation ofEg . Unfortunately, theDSCF
method43 does not give the correct gap energy since the c
responding Bloch states are extended over the whole su
cell. Self-energy calculations35,36 would be helpful. They are
already done for different SiC polytypes.45 Plotting the for-
mation energies over the width of the fundamental gap,
use the experimental valuesEg52.39 eV ~3C-SiC! and Eg
53.26 eV~4H-SiC!.21

The resulting formation energy depends on the vaca
VX

q , the preparation conditionsDm, and the doping levelEF .
Neglecting the effects due to the formation entropy, wh
are small compared toV f itself, the equilibrium concentra
tion of a defect is given byc(VX

q)5Ns exp(2V f /kBT),
whereNs is the concentration of the sublattice sites. It ho
Ns55.031022 cm23 for SiC rather independent of the poly
type.

The acceptorlike ionization levels (q11/q) of a vacancy
are independent of the preparation conditions, i.e., the ac
value of the chemical potentialmSi or mC . They are defined
as the position of the Fermi levelEF at which the charge
state of the considered defect changes fromq11 to q.46
be
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Then, using Eq.~1! one has to solveV f(VX
q11 ,Dm,EF)

5V f(VX
q ,Dm,EF) with respect toEF . One finds for the

acceptor ionization level

«A~q11/q!5Etot~VX
q11!2Etot~VX

q !2EV . ~6!

For instance, forq521 the acceptor excitation energ
«A(0/2) gives the energy that is necessary to bring a sin
negatively charged vacancy in its neutral charge state. Th
fore, «A(0/2) formally measures the energy to bring on
electron from the vacancy into the valence bands.

Acceptor ionization levels may be traced back to don
ionization levels

«D~q21/q!5Eg2«A~q/q21!

5EC1Etot~VX
q !2Etot~VX

q21!, ~7!

where the first number (q21) characterizes the charge sta
of the vacancy in the initial state and the second one a
excitation of one electron into the CBM. For instance, f
q50 the donor excitation energy«D(2/0) defines the en-
ergy that is needed to bring one electron from at2-derived
vacancy level into the conduction band. Consequently
holds«D(2/0)1«A(0/2)5Eg . Explicitly, in the following
we use the representation:
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«D~q21/q!5H @Etot~VX
q !1qEC#2@Etot~VX

q21!1~q21!EC#, q521,0

Eg1@Etot~VX
q !1qEV#2@Etot~VX

q21!1~q21!EV#, q511,12
. ~8!

TABLE I. Geometry and total energy of charged monovacanciesVX
q in 3C-SiC. The local symmetry, the

relaxation parametersb and p1 ~in percentage of the bulk bond length, cf. Fig. 1!, and the distance of two
nearest-neighbor~NN! atoms of the vacancy are given. The two different values indicate the pairing mecha-
nism. The total energy given in Eq.~5! which is independent of stoichiometry and doping is listed. Energy
values in parentheses include spin-dependent exchange-correlation effects.

Vacancy Symmetry b ~Å! p1 ~Å! NN distance~Å! Total energy~eV!

VC
22 D2d 20.06 0.21 2.72, 3.10 4.22~4.22!

VC
2 D2d 20.06 0.20 2.74, 3.11 4.26~4.26!

VC
0 D2d 20.05 0.20 2.75, 3.11 4.30~4.30!

VC
1 D2d 0.05 0.09 3.20, 3.04 2.91~2.89!

VC
11 Td 0.12 0.00 3.26 1.17~1.17!

VSi
22 Td 0.16 0.00 3.32 6.97~6.72!

VSi
2 Td 0.16 0.00 3.32 7.70~7.17!

VSi
0 Td 0.17 0.00 3.34 8.69~8.45!

VSi
1 Td 0.18 0.00 3.36 8.08~8.02!

VSi
11 Td 0.21 0.00 3.40 7.68~7.68!
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In the following we restrict ourselves to the donor excitati
levels «D(q21/q) in Eq. ~8!. They may formally be inter-
preted in a single-particle band picture. In this picture th
give the energetical distance of a certain defect level cha
terized by the pair (q21/q) to the CBM. The positions of
these levels allow an easy characterization of the defec
our case the vacancy, as a donor, an acceptor or non
them. One has~i! a pure donor, when the level (q/q11) lies
in the gap but not (q21/q); ~ii ! a pure acceptor, if (q
21/q) lies in the gap but not (q/q11); ~iii ! an amphoteric
defect, i.e. the center is both a donor and an acceptor, if b
levels (q21/q) and (q/q11) are found within the funda
mental gap.

In the case of an amphoteric centerVX
q the energetical

distance of the two levels (q21/q) and (q/q11) character-
izes the interaction of the electrons occupying thet2-derived
vacancy states. Because of the localization of these stat
may be represented by an effective Coulomb integral, a
called Hubbard energyU.47 It holds

U5«D~q/q11!2«D~q21/q!

5Etot~VX
q11!1Etot~VX

q21!22Etot~VX
q !. ~9!

This definition of the HubbardU parameter can be motivate
also in another way dividing the total energy of the vacan
system approximately into a contribution of the twofo
positively charged vacancy and a contribution due to thenq
522q electrons occupyingt2-derived levels with energy
«(nq). One obtains48

Etot~VX
q !5Etot~VX

11!1nq«~nq!2
1

2
nq

2U,

~10!

«~nq!5«~0!1nqU,
y
c-

in
of

th

, it
o-

y

where 1
2 nq

2U represents the electron-electron interacti
counted twice in the band-structure energynq«(nq). The
single-particle vacancy level«(nq) is also charge
dependent.49 The definitions in Eq.~10! fulfill the Janak
theorem,50 «(nq)5]Etot(VX

q)/]nq . Replacing the terms on
the right-hand side of Eq.~9! by expression~10!, it follows
the equality to the HubbardU parameter.

III. RESULTS AND DISCUSSION

A. Geometry

Important results of the total-energy minimizations with
216-atom supercells are summarized in Table I for the
and Si-site vacancies in different charge statesq in 3C-SiC
crystals. The data obtained with a 64-atom supercell
nearly the same. This holds particularly for the geome
parameters. The total energies may change by an amou
about 0.3 eV. In the first step spin effects are omitted and
optimizations are performed within the LDA. Within the a
curacy of the determination of the minimum of the total e
ergy and, hence, vanishing Hellmann-Feynman forces o
the local symmetriesD2d ~for VC

q , apart fromVC
11) andTd

~for VSi
q ) occur. If local minima are found for the two othe

possible symmetriesC3v and C2v , then they are higher in
energy and therefore not discussed here.

In our calculations C-site vacancies in 3C-SiC do not
ally exist in negatively charged states. This might be due
the underestimation of the energy gap within the DFT-LD
which prevents the occurrence of defect-related energy le
in the upper region of the fundamental gap. Instead, the
cess electrons necessary to create negatively charged
cancy states occupy the lowest lying conduction-band sta
i.e., we model neutral vacancies with additional electrons
the conduction band rather than negatively charged C va
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cies. For that reason the relaxation pattern forVC
2 andVC

22

is nearly identical with the relaxation ofVC
0 , as can be seen

in Table I.
Two relaxation parameters are given in Table I. They

scribe the displacements of the four nearest neighbors o
vacancy ~cf. Fig. 1!. The parameterb characterizes the
breathing mode. The atoms move towards or away from
position of the missing atom parallel to a body diagon
keeping the localTd symmetry unaltered. ForVC

0 this param-
eter is negative, indicating an inward relaxation of the nei
boring Si atoms. Additionally, the system might gain ener
by a symmetry-lowering pairing mode, described by the
rameterp1. Two neighboring atoms of the vacant site mo
towards each other in a plane parallel to one of the~001!
planes and form a dimerlike bonding configuration, there
reducing the ideal tetrahedral symmetry to a local tetrago
D2d symmetry. This is exactly what happens forVC

0 . The
pairing mode parameterp150.20 Å is quite large. The
costs in energy to distort the crystal locally are overcome
an energy gain due to the overlap of dangling bonds
formation of new dimerlike bonds.6 The dimer bond length
of 2.75 Å is remarkably shorter than the ideal secon
nearest-neighbor distance of 3.06 Å in SiC and approac
the bond length of 2.35 Å in pure silicon.

If one removes an electron fromVC
0 , forming a positively

charged C-site vacancyVC
1 , the breathing mode change

drastically from an inward to an outward relaxation, i.e., t
nearest-neighbor atoms move away from each other and
system lowers its energy by a shortening of the bonds
tween first- and second-nearest-neighbors of the vacanc
addition, a pairing mode relaxation which, on the other ha
reduces the distance between the two pairs of nearest n
bors, occurs. These two tendencies result in a configura
where the paired atoms have shortened their distance
small amount of 0.02 Å, whereas the distance to the o
two atoms is increased by 0.14 Å. It shows that the sys
has the capability to gain energy by charge redistribut
even for quite small changes in the interatomic distanc
because the dangling bonds at the nearest-neighbor Si a

FIG. 1. Possible relaxations of the atoms 1, 2, 3, and 4 aro
the vacancy.b characterizes the outward breathing mode paralle

a body diagonal@111#, @ 1̄1̄1#, @ 1̄11̄#, or @11̄1̄#. The pairing mode

componentp1 is pointing along@ 1̄2̄2#, @112#, @11̄2̄#, or @ 1̄12̄#. The
vectorsp2 orthogonal to the previous two indicate a further redu
tion of the local symmetry.
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seem to overlap already remarkably at distances of 3.06
i.e., in the unrelaxed atom configuration.6

Removing another electron, changing over to the dou
positively charged C vacancy, the outward breathing rel
ation increases and the pairing mode disappears comple
Only two electrons which occupys-like defect states with
energy levels within the valence bands are located at
vacancy. They do not force any kind of bonding, and, co
sequently, there are no driving forces for a symmet
lowering pairing of atoms or another sort of Jahn-Teller d
tortion.

Exactly the latter mechanism dominates the atomic rel
ations around the Si-site vacancy for any charge state,
only the doubly positive one as in the case of the C vacan
Due to the strong localization of the C2s and C2p orbitals
the dangling bonds located at the nearest-neighbor ca
atoms in a distance of 3.06 Å in the ideal SiC crystal can
substantially overlap. Therefore, the only energy gain is
lated to a shortening of C-Si bonds between first- a
second-nearest-neighbors of the vacancy, accompanied
significant outward breathing mode. It increases with the
duction of the number of electrons from 0.16 Å (VSi

22) to
0.21 Å (VSi

11). Simultaneously the distance of two C neig
bors of the vacancy also increases from 3.32 Å to 3.40 Å

Summarizing the structural results, there is a pronoun
Jahn-Teller effect with a symmetry reduction in the case
the neutral carbon vacancyVC

0 . The effect is weakened fo
VC

1 and vanishes forVC
11 . In our calculations the carbon

vacancy does not exist in negatively charged states. For
con vacancies no Jahn-Teller distortion occurs independ
of their charge state. TheTd symmetry is conserved and th
basic mechanism is an outward breathing relaxation wh
increases with decreasing number of electrons located a
Si vacancy.

B. Energetics

According to the definition in Eq.~5! the total energies
E(VX

q) in Table I are given with respect to the bu
conduction-band edgeEC or valence-band edgeEV in depen-
dence on the charge state of the vacancy in 3C-SiC. They
independent of stoichiometry and doping and define
Hubbard energyU according to Eq.~9!. For the Si vacancies
one estimates the valuesU50.21 and 0.26 eV~without spin-
dependent exchange-correlation effects! for the positively or
negatively charged systems, i.e., a weakly repulsive elect
electron or hole-hole interaction. The situation changes d
tically for the positively charged carbon vacancies. One fin
a negative-U behavior with U5Etot(VC

11)1Etot(VC
0 )

22Etot(VC
1)520.35 eV. The situation is similar to that i

pure silicon. There, a strong negative-U behavior is
predicted51 and observed52 for positive monovacancies. It is
mainly due to the strong Jahn-Teller distortion in the case
the neutral vacancy.9 The pairing of the neighboring Si at
oms lowers the total energy significantly. As a consequen
the effective electron-electron interaction appears to be
tractive.

The relation

Etot~VC
11!1Etot~VC

0 !,2Etot~VC
1! ~11!

d
o

-
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FIG. 2. Formation energy of C~solid line! and Si ~dashed line! vacancies in 3C-SiC as a function of the preparation conditi
~differenceDm of the chemical potentials! and the Fermi-level positionEF .
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implies that theVC
1 carbon vacancy is metastable. The rea

tion 2VC
1→VC

0 1VC
11 gives rise to a lowering of the system

energy. Nevertheless, single positively charged C vacan
have been observed by means of ESR forp-type 3C-SiC
irradiated with protons.2 TheD2d symmetry and the low-spin
state agree with our predictions. We trace back the exp
mental observation ofVC

1 to the situation of the irradiated
crystal far from thermodynamic equilibrium. The electro
transfer between twoVC

1 vacancies is prevented. This inte
pretation is supported by annealing experiments. The de
center disappears above a temperature of 100 °C and a
80% of the initial amount is lost after 200 °C annealing2.

The calculated vacancy formation energies for the diff
ent charge states of C-site and Si-site vacancies are show
Fig. 2, resulting within the 216-atom cell and DFT-LD
calculations. The electron chemical potentialEF is tuned
from the VBM (EF50) to the CBM (EF5Eg), where the
experimental value is used forEg . The preparation condi
tions are described by a variation of the difference of
fluctuationsDm5DmSi2DmC of the chemical potentials o
the constituents. Figure 2 clearly indicates the favorization
the occurrence of the carbon vacancies versus the sil
vacancies under equilibrium conditions. Only under e
tremely C-rich preparation conditions and highn-doping lev-
els the formation energy ofVSi

22 approaches the values for
vacancies. The reason for this behavior is not essentially
lated to the vacancy itself. In any case four Si-C bonds h
to be broken during the vacancy creation. Rather, the en
gain to bring the atom~occuping the vacancy site before th
-

es

ri-

ct
out

-
in

e

f
on
-

e-
e

gy

defect creation! into the reservoir with the correspondin
chemical potential is generally higher in the carbon case

Under equilibrium conditions, in thep-type limit the car-
bon vacancy is a double donor, regardless of stoichiome
For moderaten doping the neutral C-site vacancy is the mo
favorable one. Whether or not negatively charged states
occur forn doping cannot be clearly answered by our calc
lations. The favorization of the double positively charg
carbon vacancyVC

11 in a wide range of doping levels agree
with results of previous pseudopotential-plane-wa
calculations3 but contradicts the findings from non-sel
consistent calculations.53 It may explain why ‘‘as-grown’’
cubic SiC is always weaklyn type as well as the lowered

doping efficiency of acceptors.2,4,5 40–60 % of Al acceptors
are compensated inp-type epilayers.5

C. Electronic structure

The differences of the total energies given in Table I d
termine the ionization energies of the vacancies. The res
obtained according to Eq.~8! are represented in Table II an
in the level schemes of Fig. 3. The resulting level scheme
the C and Si vacancy appear essentially within the fun
mental gap closer to either the conduction-band edge or
valence-band edge. The position of the two term scheme
the fundamental gap reflects the energetical ordering of
and C-hybrid energies, since the Si- or C-dangling hybr
basically form the defect states of the C-site or Si-site
cancy. The center of gravity of the level scheme of the
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vacancy 1.02 eV above the VBM is closer to the valen
bands. Nevertheless, it represents an amphoteric defec
not a pure acceptor.

The situation is different in the case of the C-site vacan
The center of gravity of the level scheme~without the nega-
tive charge states! 0.83 eV below the CBM indicates a mor
donorlike character. The occurrence of the~– –/–! level in
the conduction bands corresponds to the fact that the two
negatively charged C vacancy cannot exist. The extra e
tron is immediately donated into a conduction-band state
in other words, it remains localized at a shallow donor in
crystal. The second interesting fact concerns the level or
ing. Whereas the term scheme of thet2-related charge-
dependent defect levels of the Si vacancy exhibits the u
ordering, the donor level«D(0/1) lies below the donor leve
«D(1/11) in the carbon case. The reason is the same
mentioned during the discussion of the metastability ofVC

1 .
According to Eq.~9! it seems that the effective Coulom
energyU would be negative~with a valueU520.35 eV)
instead of positive. When the chemical potentialEF of the
electrons is raised, there is a transition fromVC

11 to VC
0

because the energy gained by the stronger distortion du
the second electron occupying at2-derived level overcomes
the Coulomb repulsion of adding the second electron.

The principal findings of Fig. 3 are also reflected within
single-particle picture~cf. Fig. 4! constructed from the
Kohn-Sham eigenvalues of the DFT-LDA in a 64-atom s
percell. The fundamental gap atG in the projected bulk band
structure~shaded region! represents the Kohn-Sham gapEg
51.32 eV. The defect bands~solid lines! have been identi-
fied by studying the wave-function squares of the super
bands along theGX direction. The lowera1-derived band
lies deep in the valence bands independent of the chem

TABLE II. Ionization energies~in eV! of C and Si vacancies in
3C-SiC with respect to the VBM. Unstable levels are indicated
parentheses.

C vacancy Si vacancy

Level LDA LSDA LDA LSDA Ref. 10

(1/11) 1.74 1.72 0.41 0.34 0.42
(0/1) 1.39 1.41 0.61 0.43 0.54
(2/0) ~2.35! ~2.35! 1.39 1.11 1.06
(22/2) ~2.35! ~2.35! 1.65 1.94 1.96

FIG. 3. Energy-level scheme for the silicon and carbon vaca
centers in 3C-SiC. Energy levels shown result from LDA or LSD
calculations within the 216-atom supercell approach.
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nature of the vacancy. It is therefore always occupied w
two electrons. Because of the vacancy-vacancy interactio
shows a substantial upward (Td symmetry! or downward
(D2d symmetry! dispersion alongGX. The t2-related bands
possess a dispersion with lower energies at X in compar
to the values atG. In the Td case they are threefold dege
erate atG. The corresponding splittingDJT of the bands into
b2- and e-like bands characterizes the strength of the Ja
Teller distortion, i.e., the pairing mechanism in theD2d case.

In the Si case thet2-related bands are located within th
fundamental gap~cf. Fig. 4!. For thek point set used in the
structural optimization the occupation of the bands is corre
For theVC

q vacancies the situation is more difficult since t
t2-derived defect bands show a tendency to approach or t

y

y

FIG. 4. Band structures of the sc supercell arrangements o
~63!-atom cells versus the high-symmetry lineGX in the little Bril-
louin Zone~BZ! for C and Si vacancies. The projected bulk ban
are indicated as shaded regions. The solid lines indicate the ca
lated vacancy bands withb2-, e-, anda1-like (D2d symmetry! or t2-
anda1-like (Td symmetry! character.
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in the conduction bands. The application of the procedure
Ref. 6 to fit the DFT-LDA defect bands to analytical expre
sions obtained within a nearest-neighbor vacancy tig
binding picture gives formally rise to the level energies«a1

and « t2
(Td case! as well as the Jahn-Teller splitted leve

«e5« t2
1(1/3)DJT and« t2

5« t2
2(2/3)DJT (D2d case!. The

corresponding values are listed in Table III. In the Si ca
there is a moderate dependence on the charge state. I
average it holds« t2

50.33Eg and«a1
520.12Eg . For the C

vacancies one observes a drastic change with the symm
lowering. Whereas the center of gravity of thet2-derived
states is with « t2

51.27Eg more or less conserved th

a1-level moves from«a1
520.05Eg to «a1

522.94Eg ac-

companied by a remarkable Jahn-Teller splittingDJT
50.84Eg . The results for thet2 levels agree with results o
simplified tight-binding calculations17 or linear-muffin-tin
orbital ~LMTO! treatments18 for the neutral vacancies. Th
values of these calculations are« t2

50.23 or 0.14Eg (VSi
0 )

and« t2
50.69 or 0.68Eg (VC

0 ).
The DFT-LDA band structures shown in Fig. 4 for th

carbon vacancies also make obvious several problems o
supercell approach. They are formally indicated by the
currence of defect bands within the conduction bands for
carbon vacancy. As already mentioned, the low
conduction-band states are occupied instead of defect-re
bands forVC

2 and VC
22 . This is also the reason why th

ionization levels (2/0) and (22/2) lie more or less ex-
actly on the conduction-band minimum~Fig. 3!. Another se-
rious problem is related to the dispersion of the highest
cupied defect band in theVC

1 case. In a 64-atom superce
this band overlaps partly with the conduction bands due
the vacancy-vacancy interaction. As a consequence, dep
ing on thek point, the occupation of the states could
wrong, especially near theG point. Therefore it is necessar
to enlarge the supercell in order, on the one hand, to red
the interaction, and on the other hand, to reduce the num
of k points. The latter point makes it easier to guarantee
correct occupation of defect levels. A combination of a tre
ment in a 216-atom supercell and the use of only one spe
k point, which results from a (23232) Monkhorst-Pack
mesh, fulfills these criteria, although the situation of the ba

TABLE III. Defect level energies and Jahn-Teller splittings d
rived from a fit of the DFT-LDA bands according to Ref. 6. Ban
obtained for 64-atom supercells have been used. All values a
units of eV. The VBM represents the energy zero.

Vacancy «a1
« t2

DJT

VC
22 23.88 1.61 1.04

VC
2 23.88 1.61 1.16

VC
0 23.88 1.62 1.13

VC
1 20.08 1.73 0.00

VC
11 20.04 1.73 0.00

VSi
22 0.03 0.82 0.00

VSi
2 20.09 0.62 0.00

VSi
0 20.17 0.43 0.00

VSi
1 20.20 0.25 0.00

VSi
11 20.24 0.10 0.00
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overlap in theVC
1 case remains critical. However, checkin

the orbital character of the highest occupied states at
single k point, we find that forVC

1 indeed localized defec
states~corresponding to the lowert2-derived band! are occu-
pied and no extended conduction-band states. Hence, w
ally describe the ground state of theVC

1 vacancy and, there
fore, the negative-U behavior of the carbon vacancy. Th
effect is stabilized with increasing size of the supercell us
For a 64-atom supercell theU value is only20.30 eV, com-
pared to -0.35 eV in the 216-atom cell. That means that
negative-U behavior is more pronounced for larger supe
cells. Therefore, we claim that the prediction of the negati
U behavior of the positively charged carbon vacancy is c
rect.

D. High-spin states

Table I clearly shows that within the LDA the drivin
forces for a Jahn-Teller distortion are not significant in t
case of the Si vacancy. The localTd symmetry is conserved
within the accuracy of our calculations and the ground st
of the Si-site vacancies should be degenerate apart from
double positively charged one. This is an important argum
against, e.g., a one-electron configurationa1

2t2
↑↓ of the VSi

0

defect. In order to investigate the spin influence on the de
formation we perform calculations also within the fram
work of the LSDA. We start from the geometries optimize
within the LDA. The spin-dependent exchange-correlat
~XC! effects are studied by adding the total-energy diff
ences between LSDA and LDA, calculated by taking in
account only theG point in the k-space sampling, to the
LDA results. According to Fig. 4 only at theG point the
t2-derived bands simulate the orbital degeneracy being t
cal for t2 levels of a defect with spatialTd symmetry. Oth-
erwise the explicit consideration of the band splitting due
the vacancy-vacancy interaction would prevent the format
of high-spin states as an artifact of the supercell approa
The total defect energies with spin-dependent XC effects
also listed in Table I.

In the case of the carbon vacancies the spin effects
negligible. ForVC

11 , VC
0 , andVC

22 the total spinS of the
system is zero; a situation which we correctly descr
within the LDA. In the case ofVC

1 with a total spinS51/2
the energy lowering is small with 0.02 eV. The situation
similar for the defectsVSi

11 (S50) and VSi
1 (S5 1

2 ) with
energy lowerings of 0.00 and 0.07 eV for the ground sta
1A1 or 2T2. However, the picture is completely changed f
the neutral and negatively charged Si-site vacancies. Acc
ing to Hund’s rule high-spin states appear. The ground st
are 3T1 (S51,VSi

0 ), 4A2 (S5 3
2 ,VSi

2), and 3T1 (S51,VSi
22)54

with energy loweringsDE of 0.24, 0.53 or 0.25 eV. The XC
effects lower the energy approximately according to the
lation DE'0.24 eV3S2.

The mechanism of gaining energy is accompanied b
strong XC splitting of thet2

↑- andt2
↓ levels and, hence, with a

filling of the energetically lower lying spin orbitals, e.g., th
spin-up orbitals. These splittings of thet2-level amount 0.26
(VSi

1), 0.49 (VSi
0 ), 0.72 (VSi

2), and 0.54 (VSi
22) eV. The re-

sulting one-electron configurations area1
2t2
↑↑ (VSi

0 ), a1
2t2
↑↑↑

(VSi
2), anda1

2t2
↑↑↑t2

↓ (VSi
22), maximizing the effective spin in

in
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agreement with Hund’s rule. Due to the four C-dangli
bonds surrounding a Si-site vacancy the situation is sim
to that for the monovacancies in diamond. This concerns
outward relaxation and the conservation of the localTd
symmetry,55–57 but also the formation of the high-spi
states.55 The findings that the high-spin configurations a
stable are in complete agreement with another DFT-LS
calculation using the LMTO method to calculate the ele
tronic structure.10 Also ESR spectroscopy2 clearly indicates
the existence of theVSi

2 center in aS53/2 state and in an
environment withTd symmetry.

The influence of the spin-dependent XC effects on
defect ionization levels is represented in Fig. 3 and Table
The effect is small for the C vacancies. Also the negativeU
behavior is only weakly influenced. The most importa
changes happen for the Si-site vacancy. The splitting of
two levels (2/0) and (22/2) is symmetrically enlarged
whereas the splitting of the levels (1/11) and (0/1) is
slightly decreased. The resulting energy levels are in relia
agreement with the calculations of Wimbaueret al.10. The
different positions of the levels (1/11) and (0/1) found
to be closer to the VBM in our calculations is a conseque
of the structural optimization missing in Ref. 10. Our resu
are slightly in contrast to otherab initio calculations using
128-atom supercells.58 Torpo et al. find larger distances o
the (1/11) and (0/1) levels with respect to the VBM.

E. Influence of crystal structure

The most striking differences between the hexago
polytypesnH and the zinc-blende one 3C concern the
crease of the number of atoms in the supercell by a factn
and the change of the space-group symmetry fromTd

2 to
C6v

4 . They arise from the change of the stacking seque
ABC ~3C! to ABCB ~e.g., 4H! as indicated in Fig. 5. We
restrict the consideration of the hexagonal polytypes to
4H one. It is the hexagonal polytype with the smallest u
cell that contains inequivalent atomic sites with either cu
(k) or hexagonal (h) character. The tetrahedrons arou
these lattice sites are differently deformed. Hence, the d
gling bonds localized at each atom and contributing to
bonding are not anymore completelysp3 hybrids.

Three important consequences occur for the vacancie
4H in comparison to 3C.

~i! There exist two inequivalent carbon and silicon vaca
cies in accordance to the two inequivalent sitesh ~atoms 1 or
18 in Fig. 5! or k ~atom 2 or 28 in Fig. 5!, from which an
atom may be removed.

~ii ! The inequivalence of the dangling bonds surround
a vacancy gives rise to a splitting of thet2-vacancy level
which is threefold degenerate in 3C already without str
tural relaxations. In other words, the local point-group sy
metry is already reduced toC3v in comparison toTd ~ideal
vacancies in 3C-SiC!. The structural optimizations of the to
tal energy are therefore performed without a symmetry
striction.

~iii ! The change of the stacking sequence results in
increase of the fundamental energy gap by about 1 eV f
3C to 4H. This remarkable change in the electronic struct
will influence the energetical stability and the ionization le
els of the vacancies. No problems concerning the occupa
r
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of the higher single-particle vacancy levels occur in contr
to the 3C case, i.e., also the negatively charged C vacan
exist in 4H-SiC.

Results of the total-energy minimizations within the DF
LDA ~cf. Table IV! are presented in Fig. 6 for the formatio
energies of C and Si vacancies in 4H-SiC at inequival
lattice sites and in different charge states. They are v
similar to those already discussed in the case of the cu
polytype. The variations are of the order of 0.1 eV. Th
arise mainly from the change of the unit cell and thek-point
set and, therefore, cannot be fully traced back to the cha
of the stacking sequence of the Si-C bilayers along thc
axis. Only the differences between cubic and hexagonal s
of maximum values of about 0.12 eV (VC

0 ) and 0.20 eV
(VSi

11) are real consequences of the stacking. The lar
changes in the total energies, and formation energies ofVX

2

andVX
22 follow from the higher excitation energies for ele

trons. The energies are lowered by about 0.8 eV (X5C) and
1.8 eV (X5Si) per electron in the average mainly as a co
sequence of the increase of the gap in 4H. This fact ma
the occupation of defect levels in the fundamental gap
electrons more likely. The different energies per electron
flect the fact that the Si vacancy levels are closer to the VB
than the C-related ones. Consequently the energy gai
larger forX5Si. Figure 6 clearly indicates that in the the
modynamic equilibrium the formation of the vacanci
hardly depends on the cubic or hexagonal character of
corresponding atomic site. The site-induced variations
small compared to the formation energy itself. Generally
holds that the formation of a C~Si! vacancy is slightly fa-
vored on a cubic~hexagonal! lattice site. Only theVSi

22 de-
fect deviates from this rule.

The interpretation of the atomic relaxations around
vacancies is rather complicated due to the wide loss of lo

FIG. 5. The zig-zag chain structure of the cubic~3C! and a
hexagonal~4H! SiC polytype. The atomic positions are indicated

the (112̄0) plane. The different (11̄00) planes within the hexagona
unit cells are denoted byA, B, andC. The cubic (k) or hexagonal
(h) character of Si-C bilayers in the@0001# direction is given ac-
cording to the parallel (k) or nonparallel (h) limiting bonds.
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TABLE IV. Geometrical changes around a vacancyVX
q at a cubic~k! or hexagonal~h! lattice site in

4H-SiC for the three inequivalent nearest-neighbor atoms~in percentage of the bulk bond length!. The total
energy of the 128-atom supercell is calculated as in LDA and LSDA~in parentheses!.

Vacancy Site b1 ~%! b2 ~%! b3 ~%! p1
1 ~%! p1

2 ~%! p1
3 ~%! Total energy~eV!

VC
22 k 23.0 230.52 -3.5 7.7 0.8 8.6 2.68~2.68!

h 23.0 230.4 21.9 9.1 1.6 5.8 2.74~2.74!
VC

2 k 21.8 215.5 24.4 1.2 8.5 11.7 3.57~3.50!
h 28.8 22.4 21.5 11.1 2.7 3.7 3.67~3.59!

VC
0 k 22.5 24.5 23.0 9.7 10.9 11.7 4.03~4.03!

h 22.7 25.0 22.5 10.5 9.8 10.1 4.15~4.15!
VC

1 k 2.5 1.4 2.3 3.8 4.3 4.5 2.71~2.65!
h 2.7 0.5 3.0 3.9 2.9 4.2 2.77~2.71!

VC
11 k 6.0 6.0 7.5 0.0 0.0 0.0 0.98~0.98!

h 5.9 5.9 6.1 0.0 0.0 0.0 1.03~1.03!
VSi

22 k 9.9 9.9 8.0 -0.5 -0.5 0.0 4.87~4.63!
h 8.3 8.3 7.6 0.4 0.4 0.0 4.92~4.66!

VSi
2 k 9.8 9.8 8.1 -0.2 -0.2 0.0 6.45~5.96!

h 8.8 8.8 7.7 0.4 0.4 0.0 6.43~5.98!
VSi

0 k 10.3 10.3 8.1 0.4 0.4 0.0 8.31~8.05!
h 9.6 9.6 8.0 0.8 0.8 0.0 8.23~7.97!

VSi
1 k 10.6 10.6 9.8 0.4 0.4 0.0 7.94~7.84!

h 10.5 10.5 9.2 0.6 0.6 0.0 7.81~7.66!
VSi

11 k 10.9 10.9 13.5 -0.2 -0.2 0.0 7.78~7.78!
h 11.5 11.5 10.5 0.3 0.3 0.0 7.58~7.58!
ie
o
f

C

n
e
e
e
i

er

4H
g
r

s
iv
s
e
h
f
ri
in
ta
h
a

th
te

n-

r to

e-
tice
the

s
a

the
,

the
me-

ua-

f
hbor
one

om-
les
h-
ent

gth.
s is
out
-

if
symmetry, particularly in the case of the C-site vacanc
Nevertheless, even in the case of carbon vacancies one p
group symmetry operation survives as a consequence o
superposition of theC3v crystal symmetry and the localD2d
defect symmetry known from the C-site vacancies in 3
SiC. The resulting symmetry group isC1h , consisting of one
mirror plane and the identity operation. As a conseque
two of the three nearest-neighbor atoms in a plane perp
dicular to thec axis remain equivalent. Hence, the displac
ments of three inequivalent nearest-neighbor atoms hav
be studied. The geometrical relaxation of each of these
equivalent atoms (i 51,2,3) is, as in the 3C case, charact
ized by an individual breathing and pairing parameter~cf.
Fig. 1, but transformed into hexagonal coordinates!. The
small deformations of the tetrahedrons in the defect-free
SiC lattice22,30 are neglected. In Table IV three breathin
mode parametersbi and also three pairing mode paramete
p1

i are listed. In each case the first parameter represent
two nearest-neighbor atoms of the vacancy which are equ
lent due to the mirror plane. The remaining two neare
neighbor atoms lie within the mirror plane and have th
own parameters each. We identify the third atom as t
above the vacancy in thec-axis direction. As in the case o
3C-SiC there is no necessity to introduce the second pai
mode parameterp2. The relaxation pattern of vacancies
4H-SiC resembles the one in 3C-SiC. In the charge s
11 no driving forces for a symmetry reduction exist and t
C3v symmetry is conserved. This also holds for Si-site v
cancies in the other possible charge states, at least within
accuracy of our calculations. The principal outward brea
ing mechanism is conserved. The pairing-mode parame
are almost zero and the three breathing parametersb1, b2,
andb3 vary only weakly with the nearest-neighbor atom.
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For VC
1 and VC

0 a Jahn-Teller distortion occurs. The u
derlying local symmetry group is indeedC1h . But the
diplacements of the nearest-neighbor atoms are similia
the corresponding values of C-site vacancies in 3C-SiC~cf.
Table I!. VC

0 exhibits a pronounced pairing mechanism ind
pendent of the cubic or hexagonal character of the lat
site, and the transition from the outward-breathing to
inward-breathing mode occurs changing fromVC

1 to VC
0 . In

the case ofVC
2 and VC

22 the relaxation behavior change
drastically. If these charge states would exist in 3C-SiC
further symmetry reduction would be necessary to lift
remaining degeneracy of theD2d ground state. For example
an additional symmetry reduction fromD2d to C2v could be
expected. This is qualitatively what happens in 4H-SiC in
case of a single negatively charged C vacancy. The sym
try of the resulting local geometry is quite similiar to aC2v
symmetry in a distorted cubic lattice. The geometrical sit
tion is the same as forD2d symmetry in the case ofVC

0 ,
except that the additional electron ofVC

2 strengthens one o
the two dimerlike bonds between the paired nearest-neig
atoms. The shorter bond length is about 2.6 Å, the longer
about 2.9 Å.

The double negatively charged C vacancies show a c
pletely different behavior. Their relaxation pattern resemb
more a localC3v symmetry. One of the four nearest neig
bors of the vacancy shows an extremely large displacem
towards the vacancy site of about 30% of the bond len
The distance to the other three nearest-neighbor atom
with about 2.5 Å even shorter than the bond length of ab
2.8 Å of the paired atoms inVC

0 and comparable to the dis
tance of the stronger paired atoms inVC

2 . For a cubic lattice
like 3C-SiC this behavior would be understandable



PRB 59 15 177VACANCIES IN SiC: INFLUENCE OF JAHN-TELLER . . .
FIG. 6. Formation energy of C~a! and Si ~b! vacancies in 4H-SiC as a function of the Fermi-level positionEF for the two extreme
preparation conditionsDm5DH f andDm52DH f . Solid line: cubic site vacancy, dashed line: hexagonal site vacancy.
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one takes into account that the degeneracy of the gro
state of a double negatively charged C vacancy could
already lifted by a symmetry reduction fromTd to C3v . In
this case the former threefold degeneratedt2 level splits into
a nondegeneratea1 and a twofold degeneratee level. In such
a configuration it is possible to create a nondegene
ground state if the twofold degeneratee level is completely
occupied and thea1 level remains unoccupied, i.e., if thee
level lies energetically below thea1 level.

The spin effect is also represented in Table IV. We o
serve the same situation as in the cubic case. The total s
for the charge statesq51, and 11 are S(VX

1)51/2, and
S(VX

11)50 independent of the chemical and structural ch
acter of the considered lattice site. Drastic differences
tween C and Si vacancies occur for the neutral and nega
charge states. It holdsS(VC

0 )50, S(VC
2)51/2, and

S(VC
22)50 due to the formation of dimerlike bonds

whereas the corresponding total spins in the Si case
S(VSi

0 )51, S(VSi
2)53/2, andS(VSi

22)51, i.e., the energy
gain due to spin-dependent exchange and correlation d
nates this kind of vacancies and forces the formation of hi
spin states. Jahn-Teller distortions and accompanying s
metry reductions are a consequence of the energy gain d
the formation of bondlike structures. An energy gain due
the spin-dependent exchange, on the other hand, force
creation of a geometry with a symmetry as high as possi
This behavior can be observed if one compares atomic
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placements calculated in DFT-LDA and DFT-LSDA. In th
latter case one finds a local geometry around the vaca
which is somewhat moreTd-like as in DFT-LDA. Using
EPR and ENDOR such a high-spin state has been obse
for the single negatively charged Si vacancy in neutro
irradiated 4H-SiC.10 The magnetic resonance parameters
VSi

2 are found to be almost identical for the polytypes 3
4H, and 6H. This fact supports our hypothesis that the lo
environments of this Si vacancy are rather similar and ne
represent theTd symmetry as in the cubic polytype.

The ionization energies of the C and Si vacancies in 4
SiC are listed in Table V. Results obtained within LDA an
LSDA are given. Figure 7 shows the resulting energy-le
scheme. The dependence on the cubic or hexagonal char

TABLE V. Ionization energies~in eV! of C and Si vacancies a
cubic ~first value! and hexagonal~second value! sites in 4H-SiC
with respect to the valence band maximum.

C vacancy Si vacancy

Level LDA LSDA LDA LSDA

(1/11) 1.73, 1.74 1.68, 1.68 0.17, 0.23 0.06, 0.0
(0/1) 1.32, 1.38 1.37, 1.44 0.36, 0.42 0.20, 0.3
(2/0) 2.81, 2.78 2.74, 2.71 1.41, 1.47 1.19, 1.2
(22/2) 2.38, 2.35 2.45, 2.42 1.69, 1.76 1.94, 1.9
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of the site is weak. Nevertheless, a unique tendency is
served for Si-site vacancies. On average the ionization le
of the vacancies at hexagonal sites are shifted by about
eV ~in LDA ! towards the conduction-band edge. The C v
cancy in 4H-SiC exhibits a similar negative-U behavior as
found for the cubic polytype, not only for positively charge
C vacancies but also for negatively charged ones. Within
LDA the normal energetical ordering of the leve
(1/11) and (0/1) as well as (2/0) and (22/2) is in-
terchanged. One derives the parametersU520.41
(20.36) eV for the positively charged vacancies at a cu
~hexagonal! site orU520.43 (20.45) eV for the negatively
charged vacancies at a cubic~hexagonal! site. After inclusion
of the spin the tendency of a negative-U behavior is some-
what reduced toU520.29 (20.24) eV andU520.29
(20.29) eV , respectively, but remains significant.

Despite the different crystal structures of 3C and 4H a
hence, the presence of a crystal-field splitting of the sing
particle vacancy levels and the much larger energy gap in
4H case, the level schemes in Figs. 3 and 7~Tables II and V!
are not very different, apart from the ionization leve
(2/0) and (22/2) of the carbon vacancies, which prob
ably do not exist in 3C-SiC. In comparison to the 3C case
levels in 4H-SiC are hardly shifted. Their energetical po
tions with respect to the VBM are more or less the sam
Only the lowestVSi levels are lower in energy by about 0
eV. It seems that these excitation levels follow the Lang
Heinrich rule.59 The alignment of such deep levels of th
same nature within the fundamental gap of two semicond
tors determines the valence-band discontinuity between
semiconductors. The application of this rule to the situat
of the lowest vacancy levels in 3C- and 4H-SiC would e
plain the almost vanishing valence-band discontinuity wit
tendency that the VBM in 3C is lower than in 4H and t
fact that the entire gap discontinuity appears as the b
offset for the conduction bands.30,45

Experimental data about the vacancy levels are rare
moreover, concern more or less irradiated samples. DL
represents one sort of experiments. In the case ofn-type 4H
two defect levels have been observed that may be relate
carbon vacancies. Deep in the fundamental gap atEC
21.49 eV ~Ref. 60! or EC21.65 eV ~Ref. 61! a level is
observed associated with a capture cross section of 10214 or
2310213 cm2. The corresponding defects are stable un
annealing temperatures of 800–1300 K or at least 1000

FIG. 7. Energy-level schemes for Si and C vacancies at cu
and hexagonal sites in 4H-SiC. Results are obtained from LS
calculations within a 128-atom supercell approach.
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They remain neutral or single negatively charged. This f
seems to indicate an identification as (2/0) or (0/1) level,
in reasonable agreement with the level positions in Table
A similar behavior with respect to annealing and charg
has been observed for electron-irradiatedp-type 4H
samples.62 Levels atEV10.87 eV andEV11.30 eV with
associated cross sections 7310216 or 3310215 cm2 have
been derived. The lower level could be related to (2/0) of
the Si vacancy, whereas the level higher in energy could
identified with one of the lower C vacancy levels. The co
centration of the defect related to the higher level increa
with annealing temperature until 1300 K. Above 1600
both defects cannot longer be detected. However, the ide
fication of the levels observed within DLTS is complicated63

and, because of missing additional information, high
speculative.

Another indication for vacancy levels may be found
photoluminescence spectra. For instance, after fast-neu
irradiation and subsequent thermal annealing at 1200 K~Ref.
64! the polytypes show a strongly luminescent (D1) center.
In electron-irradiated 3C-SiC it is accompanied by a ze
phononE line, both lines slightly below 2 eV~Ref. 2!. With
rising hexagonality of the polytype theD1 line is shifted to
higher energies in agreement with the corresponding
opening. In electron-irradiated 4H samples So¨rman et al.16

observed two sharp zero-phonon luminescence lines at
ton energies of 1.35 and 1.44 eV. Because of the result
optically detected magnetic resonance instead of ‘‘
ODMR’’ measurements they argued that these lines origin
from an internal transition of the neutral silicon vacancy,
least a silicon vacancy with an even number of electrons
order to explain the high-spin stateS51. The occurrence of
two different lines in 4H is related to the two different in
equivalent lattice sites for the generation of a Si vacancy
similar explanation is given for the sharp zero-phonon line
3.15 eV of the vacancy-related luminescence in diamon65

Breuer and Briddon55 interpret it as a transition between
4T1 excited state into a4A2 ground state of theVC

2 vacancy
with the single-electron configurationsa1

↑t2
↑↑↑↓ and a1

2t2
↑↑↑ .

Following this picture, the observations of So¨rman et al.16

should be related to a transition eithera1
↓t2
↑↑↑→a1

2t2
↑↑ or

a1
↑t2
↑↑↑↓↓→a1

2t2
↑↑↑↓ . Unfortunately, the excited vacanc

states cannot be easily calculated in our DFT-LDA groun
state theory using plane waves and supercells. However
observed photon energies are plausible considering our
sults. The observed transition energies are smaller than
ionization energies of (2/0) or (22/2) of the Si vacancy
in Table V, which may be interpreted as the energies
electron transitions from the conduction band into def
states. According to the energy values«a1

and« t2
in Table

III we find in the single-particle picture excitation energies
0.79 eV (VSi

22) or 0.60 eV (VSi
0 ). Considering electron re

pulsion effects and the polytype influence, transition energ
of 1 eV or more are not unlikely.

IV. SUMMARY

Within the DFT-LDA and, respectively, DFT-LSDA we
have performedfirst-principlescalculations to study possibl
structures, spin states, and accompanying electronic leve

ic
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the monovacancies in different SiC polytypes. More in d
tail, we studied the local symmetry and the atomic displa
ments around the vacancy in dependence on the charge
of a vacancy with a certain chemical origin and at inequi
lent lattice sites in the case of the hexagonal~4H! polytype.
The energetics of the defect formation has been discu
versus the crystal doping and the preparation conditions.
ization energies of vacancies have been studied in de
dence on the number of electrons occupying the defect
els. The total spin of these electrons followed from t
minimization of the total energy with respect to the electr
densities related to the two different spin projections.

In the cubic case we observed a tendency for pairing
two Si atoms neighboring the C vacancy site. If more th
two electrons occupy the defect states, it gives rise to
local D2d symmetry. On the other hand, the atoms arou
the Si vacancy keep theTd symmetry. The mechanism of th
reconstruction around the vacancy is governed by an inw
breathing and a pairing for the neutral C vacancy. Negativ
charged C vacancies seem not to exist in 3C-SiC. A hint
this conclusion is the appearance of the levels (2/0) and
(22/2) in 4H-SiC. They lie with about 2.4 and 2.7 eV~in
LSDA! above the experimental value of 2.39 eV for the e
ergy gap in 3C-SiC. ForVC

11 and the Si vacancies an ou
ward breathing reconstruction mechanism dominates.
other words, whereas the C vacancy exhibits a signific
Jahn-Teller distortion, such a symmetry lowering is absen
the case of the Si vacancy. Practically, the twofold positiv
charged C vacancy is the most favored one for a wide ra
of semiconductor doping independent of the preparation c
ditions. Only for Fermi levels close to the conduction-ba
minimum (n-type doping! the neutral or the twofold nega
tively charged vacancies are favored in the thermodyna
equilibrium. The formation energies approach small valu
of about 1 eV in the limit of strongp doping and increase to
values slightly below 5 eV. In principle, this picture is co
ra
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served for the 4H polytypes. There are slight variations w
the inequivalent lattice sites in cubiclike or hexagonal bila
ers in the unit cell. The most important changes are relate
the enlargement of the fundamental energy gap by abo
eV. As a consequence, for instance, the neutral and the
fold negatively charged C vacancy are now favored in
wider range of doping levels.

The ionization levels of the Si vacancy are close to
valence-band maximum. In the case of the C vacancy th
levels are higher in energy and approach the conduct
band minimum~3C! or, in the average, midgap position
~4H!. They follow the trend defined by the energetical po
tions of the hybrid energies of the surrounding atoms. T
normal energetical ordering of the two ionization level
(1/11) and (0/1) of the C vacancy is destroyed for bot
polytypes 3C and 4H, and the same holds for the leve
(2/0) and (22/2) in 4H. The fact that the leve
(1/11) lies above (0/1) and (2/0) above (22/2) can
be interpreted as a negative-U behavior of the carbon va
cancy. It is mainly a consequence of the remarkable ene
gain accompanying the strong Jahn-Teller distortion in
VC

0 case. The absence of such distortions in the case of th
vacancies drives another mechanism in order to avoid a
generate ground state. The arrangement of the electron s
for VSi

22 , VSi
2 , andVSi

0 follows Hund’s rule. High-spin states
give rise to the lowest total energies. The maximum to
spin S53/2 in theVSi

2 case is in agreement with experime
tal observations.
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Goetz, P. Ka¨ckell, J. Furthmu¨ller, and F. Bechstedt, Phys. Re
B 57, 2647~1998!.

23P. Hohenberg and W. Kohn, Phys. Rev.136, B864 ~1964!.
24W. Kohn and L. J. Sham, Phys. Rev.140, A1133 ~1965!.
25D. Vanderbilt, Phys. Rev. B41, 7892~1990!.
26G. Kresse and J. Hafner, Phys. Rev. B47, 558 ~1993!; J Phys.:

Condens. Matter6, 8245~1994!.
27G. Kresse and J. Furthmu¨ller, Comput. Mater. Sci.6, 15 ~1996!;

Phys. Rev. B54, 11 169~1996!.
28A. M. Rappe, K. M. Rabe, E. Kaxiras, and J. B. Joannopou

Phys. Rev. B41, 1227~1990!.
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